Coherent Sensing of a Mechanical Resonator with a Single-Spin Qubit
Shimon Kolkowitz, 1 * Ania C. Bleszynski Jayich, 2 * Quirin P. Unterreithmeier, 1 * Steven D. Bennett, 1 Peter Rabl, 3 J. G. E. Harris, 4 Mikhail D. Lukin 1 † Mechanical systems can be influenced by a wide variety of small forces, ranging from gravitational to optical, electrical, and magnetic. When mechanical resonators are scaled down to nanometer-scale dimensions, these forces can be harnessed to enable coupling to individual quantum systems. We demonstrate that the coherent evolution of a single electronic spin associated with a nitrogen vacancy center in diamond can be coupled to the motion of a magnetized mechanical resonator. Coherent manipulation of the spin is used to sense driven and Brownian motion of the resonator under ambient conditions with a precision below 6 picometers. With future improvements, this technique could be used to detect mechanical zero-point fluctuations, realize strong spin-phonon coupling at a single quantum level, and implement quantum spin transducers.
H ybrid quantum systems offer many potential applications in quantum information science and quantum metrology. One example is cavity quantum electrodynamics (cQED), in which a quantum two-level system (a qubit) is strongly coupled to resonant photons in an electromagnetic cavity (1) (2) (3) . In the mechanical analog of cQED, the qubit is coupled to a mechanical resonator, with resonant phonons playing the role of cavity photons (4) (5) (6) (7) . Mechanical resonators are promising components for hybrid quantum systems because they couple to a wide range of forces while maintaining high quality factors (8) (9) (10) (11) (12) (13) and can be fabricated using scalable techniques. A recent experiment dem-onstrated coupling of a superconducting phase qubit to the quantum motion of a piezoelectric resonator at millikelvin temperatures (11) . However, this approach resulted in relatively short phonon lifetimes and is not easily extended to other resonator-qubit systems. An important goal is to extend this technique to nonpiezoelectric resonators that offer longer phonon lifetimes and to qubits featuring longer coherence times (4, 5, 9, 10, 14, 15) . In particular, spin states of localized atomlike systems in the solid state can be manipulated individually and can serve as an exceptional quantum memory, even under ambient conditions. Moreover, experiments have demonstrated that resonators can be sensitive to the magnetic force associated with a single electronic spin (16) . Control over a coupled spin-resonator hybrid quantum system could be used to mediate long-range spin-spin coupling for quantum information applications (17) or to manipulate mechanical motion at the single quantum level with long qubit and phonon coherence times (4, 11) . In addition, coherent control over spin-phonon interactions is of direct relevance for realizations of novel nanoscale sensors (18) (19) (20) .
In our experiment ( Fig. 1A) , we used the electronic spin associated with an individual nitrogen vacancy (NV) center to sense the motion of a nearby, magnetized atomic force microscopy (AFM) cantilever. The time-varying magnetic field generated by the displacement of the magnetic tip coherently drives the qubit evolution, which is subsequently detected via optical spin measurements. The essence of our approach (Fig.  1B) is to synchronize the evolution of the single spin with the cantilever's oscillations. When the spin is driven by a pulse train with a period matching the mechanical period, the motion constructively affects the spin evolution over a long interaction time, enhancing the spin's sensitivity in a narrow frequency band (21) . In addition, the pulses dynamically decouple the NV spin from the slow evolution of the surrounding environment, increasing the possible interrogation time (22, 23) .
The NV centers are implanted~5 nm below the surface of a bulk diamond sample. The spin sublevels |m s = 0〉 and |m s = T1〉 of the electronic ground state exhibit a zero-field splitting of 2.87 GHz. In the presence of a static magnetic field, the degeneracy between |+1〉 and |-1〉 is lifted, allowing us to selectively address the |0〉 → |+1〉 transition with microwave radiation. The magnetic field B tip generated by the tip at the position of the NV results in an additional Zeeman shift of the splitting, given by Dw ¼ g e m B B tip ⋅ẑ=ℏ, where g e ≈ 2 is the electron g-factor, m B is the Bohr magneton, ħ is Planck's constant divided by 2p, andẑ is the unit vector along the NV axis. With the tip held at a constant position, the static Zeeman shift is detected by performing continuous wave (CW) electron spin resonance (ESR) measurements (Fig. 1C ). By scanning the tip at a fixed height above the diamond surface with a piezoelectric scanning stage and monitoring ∆w, we mapped the projection of B tip along the NV axis ( Fig. 1D ). This provides an accurate measurement of the magnetic field gradient G m produced by the tip along the NV axis, which reaches up to 10 5 T/m; see supporting online material for further details (24) .
The gradient G m translates mechanical oscillations of the cantilever x ac (t) into an oscillating magnetic field B tip,ac (t) = G m x ac (t). Coherent control over the NV spin is used to measure B tip,ac via pulsed ESR techniques such as spin echo and longer dynamical decoupling sequences (18, 22, 25) . To probe Brownian motion, which has a characteristic frequency but a randomly varying amplitude and phase, our measurement sequence cannot be phase-locked to the mechanical oscillation. For this reason, we measure the variance of the accumulated phase, yielding the mean square field amplitude 〈B 2 tip,ac 〉. From 〈B 2 tip,ac 〉 and G m , the mean square motional amplitude 〈x 2 〉 can be inferred, which, for an undriven resonator, is related to the thermal occupation number n th ¼ k〈x 2 〉 ℏwr (where k is the spring constant and w r is the mechanical resonance frequency).
In the measurement sequence used to detect 〈x 2 〉 ( Fig. 2A ), the NV's electronic spin is polarized in the |0〉 state via green illumination (22, 26) . Resonant microwaves tuned to the |0〉 → |+1〉 transition are applied to perform a Hahn echo sequence with free precession periods of length t. The final p/2 pulse of the sequence converts the relative accumulated phase into a population difference that is read out via fluorescence ( Fig. 2B) (22) . With the cantilever drive switched off, the data (blue triangles) demonstrate collapses and revivals in spin coherence due to nearby carbon-13 ( 13 C) nuclear spins undergoing Larmor precession at the frequency w nuc = g nuc B dc , where g nuc /2p = 1.07 kHz/G is the gyromagnetic ratio of the 13 C nuclei and B dc is the magnitude of the static magnetic field (22, 26) . The ensemble of 13 C nuclei produces an oscillating field with fluctuating amplitude and phase, resulting in collapses in coherence at odd multiples of p/w nuc and revivals at even multiples of p/w nuc (22) . The tip is positioned relatively far from the NV, producing a weak gradient of G m = 100 T 12 T/m, so in the absence of an external drive, the Brownian motion can be ignored and the field from the tip can be considered static. Red circles in Fig. 2B show the same measurement with the cantilever strongly driven. The evolution of the NV spin is dramatically affected by the cantilever motion. The revival is narrowed and shifted to t = 2p/w r due to B tip,ac . Because the spin evolution is not phase-locked to the mechanical oscillation, B tip,ac has a constant amplitude but a uniformly distributed random initial phase f 0 for each measurement, resulting in an echo signal given by a zero-order Bessel function (24) . By fitting to this data, we determine the peak amplitude B tip,ac = 163 T 1 mG and the oscillation frequency w r /2p = 80.14 T 0.07 kHz, in agreement with the applied excitation frequency of 80.15 kHz. Incorporating the previously measured G m , the root mean square (rms) amplitude of the tip motion, x rms = 114 T 14 nm, can be extracted (24) .
To measure the quality factor of the resonator (Fig. 2C) , the resonator is driven to a fixed amplitude of motion, the drive is switched off, and we subsequently measure x rms as a function of wait time after turning off the cantilever drive using the same protocol as in Fig. 2B . A quality factor of Q = 211 T 6 is extracted from the exponential decay of x rms , in agreement with measurements made independently, using conventional interferometric readout of the cantilever motion, that yield Q = 221 T 4.
Under ambient conditions, the w r /2p = 80.15 kHz resonator with k ≈ 3 N/m has a thermal occupation number of n th ≈ 8 Â 10 7 phonons, corresponding to Brownian motion with an rms amplitude of~40 pm. To detect these oscillations with the single spin, we used a pulse sequence composed of N p-pulses known as XY4 ( Fig. 3A ) (23) . This sequence further suppresses the effects of low-frequency magnetic noise and enhances the ac sensitivity by a factor of~1/(N 3/2 ) in a narrow bandwidth (21, 23) . It also has the advantage of self-correcting pulse errors to first order for any accumulated phase of the NV spin (23) .
We used an XY4 sequence with N = 12 ppulses to measure resonator motion at excitation amplitudes of~0, 57, 113, and 170 pm of rmsdriven motion (Fig. 3B ). Unlike the measurements shown in Fig. 2, B ext,dc is tuned to a low value of 10 G to extend the onset of the first collapse in spin coherence due to the 13 C nuclei's Larmor precession beyond the resonator-induced partial collapse (24) . The multiple minima at 170 pm of rms-driven motion (green diamonds) are described by a Bessel function, as discussed above (24) . Extracting x rms from the fits in Fig. 3B and plotting against the ac driving voltage, the inclusion of Brownian motion is necessary to achieve good agreement with the data (Fig. 3C) . The impact of Brownian motion on the spin is also directly evident in Fig. 3B in the slight dip in the undriven data (red circles) at t = p/w r = 6.2 ms.
To further enhance the impact of Brownian motion on our NV spin, we used an XY4 sequence with N = 16 p-pulses, allowing the spin to accumulate more motion-induced phase in a single measurement (Fig. 3D ). With the tip nearby at a gradient of 2940 T 265 T/m, the Brownian motion induces a collapse in the NV spin coherence at t = p/w r . The fits yield x rms = 40 T 5 pm and w r /2p = 79.7 T 0.4 kHz, in agreement with the expected value of~40 pm and the resonance frequency of 80.15 kHz. This corresponds to B tip,ac = 117 T 9 nT rms. The tip's proximity to the NV affects the spin coherence, resulting in the offset between the two curves.
Several recent experiments have reported that strongly driven mechanical resonators can influence the electronic spin of NV centers through the broadening and shifting of the spin transitions (15, 18, 19) . Our approach takes advantage of the fact that the NV spin remains coherent for times much longer than the relatively short T * 2 (26). This longer interaction time enhances the spin's sensitivity to the resonator's motion (22, 25) and enables the detection of picometer-scale oscillations without phase-locking.
To understand the present sensitivity limits and the potential for improvement, we consider a measurement of an undriven cantilever as in Fig.  3D . When the pulse sequence is synchronized with the cantilever such that t = p/w r , the probability P 1 to find the spin in state |1〉 after the sequence is 
Here, the coupling rate l = g e m B G m a 0 /ħ is the Zeeman shift from a single phonon in the resonator, and a 0 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ℏ=2mw r p is the zero-point motion for a resonator of effective mass m. T 2 is the spin coherence time in the absence of the cantilever, whereas the exponent proportional to l 2 describes the impact of the cantilever motion and depends on the mechanical Q, as well as the bandwidth of the control sequence through the factor W = (1 + N/2Q) −1 . The contribution from thermal motion is proportional to n th , and the remainder is due to quantum zero-point motion. Using Eq. 1 and including spin projection and shot noise through the single parameter K (24, 25) , we obtain the phonon number sensi-
where n min is the minimum detectable phonon occupation number in total measurement time t tot . For the experimental parameters of Fig. 3D , we obtain h ≈ 2:5 Â 10 8 phonons= ffiffiffiffiffi ffi Hz p , in agreement with the observed experimental sensitivity h exp ≈ 4:9 Â 10 8 phonons= ffiffiffiffiffiffi Hz p (24). The main factor currently limiting our sensitivity is the coupling strength l. Though we measure gradients up to 10 5 T/m, which gives l/2p ≈ 8 Hz, our most sensitive measurements are taken at~3 × 10 3 T/m. The lower gradient is used because T 2 is found to decrease when the magnetic tip is very close to the NV; we observe a reduction of T 2 from~160 ms when the tip is retracted to as low as~5 ms when the tip is within 50 nm of the surface. Our use of XY4 dynamical decoupling sequences partially compensates for 4 . Prospects for detection of zero-point motion. (A) Calculated XY4 signal for a cantilever cooled near its ground state, starting from an environmental temperature of T env = 4 K. The signal S is the measurable impact from cantilever motion. Parameters are w r /2p = 1 MHz, l/2p = 10 kHz, T 2 = 1 ms, and Q = 10 6 . (B) Signal S versus coupling strength and effective quality factor. The white dashed line marks the threshold of strong cooperativity, C ¼ l 2 Q eff T˜2=w r > 1. At each point, we optimize the pulse number N within the experimental limitation of N max ≤ 160, as shown to be feasible in recent experiments (21, 23) . The slight upturn of the contours at large coupling is due to cantilever-induced decoherence (24) ; this small correction is neglected in Eq. 1.
www.sciencemag.org SCIENCE VOL 335 30 MARCH 2012 this effect, indicating that the reduction in T 2 is due to low-frequency noise, which we attribute to magnetic domain noise of the tip material. We expect that this effect can be mitigated using alternative tip materials such as rare earth ferromagnets (27) . The coupling strength can be further improved by using customized nanoresonators with a larger zero-point motion. Using state-ofthe-art nanofabrication techniques, resonators with Q > 10 6 , w r /2p~1 MHz (28) , G m~1 0 5 T/m, and a coupling strength of l/2p~10 kHz can be fabricated (4) , which, together with extended coherence times in isotopically purified diamond of T 2 > 2 ms (29) and faster pulse sequences with N~136 pulses (23), yield a projected sensitivity of h < 1 phonon= ffiffiffiffiffi ffi Hz p . Combined with recently demonstrated single-shot spin readout (30) , this raises the intriguing prospect of using a single NV center to sense mechanical motion at the scale of zero-point fluctuations in a single shot.
To assess the feasibility of sensing zero-point motion (Fig. 4A ), we assume that the resonator is actively cooled near its motional ground state, using either the spin (4) or an additional system such as an optical or microwave cavity (12, 13) . Such cooling schemes are always accompanied by a decreased effective mechanical quality factor, Q eff ¼ Q=n env , where n env is the phonon occupation number at the temperature of the surrounding environment. Inserting n th ¼ 0 and W = 2Q eff /N into Eq. 1, a near maximal signal S~1/2 is obtained, provided that C ¼ l 2 Q eff T 2 =w r > 1, where T 2 ¼ T 2 N 2=3 is the extended spin-coherence time due to dynamical decoupling (23) . This is verified in Fig. 4B , which demonstrates that for a wide range of realistic parameters with C > 1, the zero-point motion of the resonator results in S~1/2. The parameter C is a fundamental quantity in the physics of spinphonon interactions. In direct analogy to the socalled cooperativity in cQED, C > 1 marks the onset of coherent quantum effects in a coupled spin-phonon system. Taking the optimized but realistic values l/2p = 10 kHz, T 2 = 1 ms, Q = 10 6 , w r /2p = 1 MHz, and N = 160 pulses, we find that C~35 can be reached at an environmental temperature of T = 4 K. Besides detection of zero-point motion, entering this regime could also enable coherent, long-range interactions between individual spins mediated by a mechanical resonator (17) , which are of great interest for developing scalable, spin-based quantum information systems. Furthermore, by operating at lower environmental temperatures of T~100 mK, it becomes possible to use the spin to cool the resonator down to its ground state (4) and to engineer quantum superpositions of mechanical motion, which could be read out using a coherent detection scheme like the one we present in this work.
The above considerations indicate that our approach provides an experimentally feasible route toward reaching strong coupling between single phonons and spins. Potential applications ranging from the creation and detection of quantum states of mechanical motion and the realization of quantum spin transducers to novel approaches for nanoscale sensing and readout (19, 20) can be foreseen.
The energy costs associated with large-scale industrial separation of light hydrocarbons by cryogenic distillation could potentially be lowered through development of selective solid adsorbents that operate at higher temperatures. Here, the metal-organic framework Fe 2 (dobdc) (dobdc 4-: 2,5-dioxido-1,4-benzenedicarboxylate) is demonstrated to exhibit excellent performance characteristics for separation of ethylene/ethane and propylene/propane mixtures at 318 kelvin. Breakthrough data obtained for these mixtures provide experimental validation of simulations, which in turn predict high selectivities and capacities of this material for the fractionation of methane/ethane/ethylene/acetylene mixtures, removal of acetylene impurities from ethylene, and membrane-based olefin/paraffin separations. Neutron powder diffraction data confirm a side-on coordination of acetylene, ethylene, and propylene at the iron(II) centers, while also providing solid-state structural characterization of the much weaker interactions of ethane and propane with the metal.
A s a consequence of the similar sizes and volatilities of the molecules, separations of olefin/paraffin mixtures, such as ethylene/ethane and propylene/propane, must currently be performed at low temperatures and high pressures and are among the most energyintensive separations carried out at large scale in the chemical industry (1). Because these gas mix-tures are produced by cracking long-chain hydrocarbons at elevated temperatures, a substantial energy penalty arises from cooling the gases to the low temperatures required for distillation. Thus, tremendous energy savings could be realized if materials enabling the efficient separation of olefins and paraffins at higher temperatures (than currently used in distillation) and atmo-
